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Abstract

Monostatic airborne radars have a problem detecting low and slow-flying airborne targets
or slow-moving ground targets because of the severe ground clutter. Space-Time Adaptive
Processing (STAP) algorithms have been found to be effective in suppressing the ground
clutter and revealing the targets of interest. Newer surveillance systems, both airborne and
space based, are likely to be bistatic, i.e., the transmitter and the receiver are to be housed in
separate vehicles. Specifically, the transmitter is to be housed in an AWACS-type aircraft or
a satellite and the receiver will probably be housed in a UAV. In either case, one is faced
with the problem of the same ground clutter as in the monostatic case and thus there is a need
for bistatic clutter suppression algorithms.

In 1995-1996, Air Force Research Laboratory, Rome Research Site (AFRL-RRS,
formerly Rome Laboratory), collected a large amount of multi-channel, airborne radar
measurement (MCARM) data, to help verify the efficacy of STAP in both monostatic and
bistatic scenarios and if necessary, to develop newer algorithms for the bistatic case. This
report documents the efforts by this author to apply and compare the application of STAP
algorithms to several acquisitions from both monostatic and bistatic MCARM flights.

KEYWORDS: Monostatic, Bistatic, Space-Time Adaptive Processing (STAP), MCARM
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Section 1

Introduction

A major problem faced by airborne radars when looking for low and slow-flying, low-
cross-section, airborne targets and slow-moving ground targets is the severe ground clutter
and possible jamming that mask these target returns. This is true in the case of both
monostatic and bistatic airborne radars, and will almost certainly be true when the
surveillance systems are expanded into space. With multi-channel antenna and receiver
systems, it is possible to suppress the clutter to a large degree by adaptively processing the
data. The Space-Time Adaptive Processing (STAP) algorithms are a class of adaptive
algorithms that make use of the ‘space’ dimension and the ‘time’ dimension as their degrees
of freedom to cancel the clutter while minimally affecting the desired signal. The ‘space’
dimension is represented by the multiple antenna elements and the associated receivers and
the ‘time’ dimension is represented by the multiple pulses.

In 1995-96, the Air Force Research Laboratory, Rome Research Site (AFRL RRS,
formerly Rome Laboratory) collected a large amount of multi-channel, airborne radar
measurement (MCARM) data, in both the monostatic and bistatic modes. There are literally
hundreds of coherent processing intervals (CPI) or acquisitions, with most of them
containing a signal from a ground-based, stationary moving target simulator (MTS) that
generated multiple tones to represent targets moving at different velocities. On one of the
monostatic flights, a real target, a Sabreliner, was flown such that it was ‘painted’ by the
MCARM radar. On some acquisitions, there are certain other targets of opportunity.

A large number of the monostatic acquisitions have been made available to the many
researchers who have until now been using simulated data to verify their novel clutter
suppression algorithms. The measured data has helped them to consolidate their claims for
these algorithms. The bistatic data from this database has not been disseminated very widely
until now.

With an unlimited access to the MCARM database, this author has made an attempt at
taking a more comprehensive look at both the monostatic and bistatic clutter data, with the
view to learn what the data shows rather than to use them to develop and verify new
algorithms. This report is a documentation of that effort.

Section 2 of the report discusses the monostatic data from Flight #5, while the bistatic
data from Flight #9 is discussed in Section 3. Section 4 contains the summary and
conclusions. The STAP algorithms that were used are discussed briefly in the Appendix.
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Section 2

Monostatic MCARM Data - Flight #5

2.1 The MCARM Receiver

The MCARM phased array antenna is housed in a flat radome mounted on the forward
left side of the fuselage, ahead of the wings, of a BAC 1-11 aircraft. The MCARM aircraft is
shown in Figure 2-1. The antenna has 2 rows of 16 antenna subarrays each, with each
subarray containing 4 elements, followed by a corporate feed and a coherent receiver. During
data collection, only an 11-over-11 section was used, thus generating 22 channels of data,
with 11 degrees of freedom in azimuth and 2 degrees of freedom in elevation. :

Figure 2-1. The Northrop-Grumman BAC 1-11 Equipped with the MCARM
Phased Array Antenna

2.2 The Flight Path and Flight Parameters

Figure 2-2 shows the ground-track of the flight path of the BAC 1-11 aircraft on flight
#5, overlaid on the DELMARVA terrain. The aircraft takes off from Baltimore-Washington
International (BWI) airport and proceeds along the path shown.

The numbers on the path are acquisition numbers associated with that location. Only
some acquisition numbers are shown; there are many more acquisitions that are available in
the database. The increasing acquisition numbers indicate the direction of flight. Recall that
the MCARM array is on the left side of the fuselage and therefore it illuminates and receives
returns from objects to the left of the aircraft.

Figure 2-3 shows the first part of the flight #5, clearly showing the position of the BWI
airport and the MTS, which is located at the end of one of the runways. Each red hatch mark.
on the path indicates the position of the aircraft where an acquisition was made. The path
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Figure 2-3. Part of the Flight Path of the BAC 1-11 on Monostatic Flight #5

The MTS is located near the BWTI airport. For acquisitions 130-210, it is generally
located to the left of the aircraft, allowing the ground around the MTS to be illuminated.

Figure 2-4 plots several flight parameters during these acquisitions.

Figure 2-4a plots the inertial navigation unit (INU) platform azimuth, where the platform
azimuth is defined as the angle between the aircraft centerline and the platform x-axis. The
platform x-axis is essentially pointed toward east, as shown by the platform wander angle in
Figure 2-4c. Thus the platform azimuth angle indicates the orientation of the aircraft in

azimuth with respect to the east.

The platform, and essentially the aircraft, roll angle is plotted in Figure 2-4b. The aircraft
was in a sustained left turn during this portion of the flight and the roll angle is seen to lie
between O and —10 degrees.

The angle between the true north and the platform x-axis is the platform wander angle

and is shown in Figure 2-4c. This angle is seen to be close to 90 degrees all the time,
indicating that the x-axis of the stabilized platform is pointed toward east.

The angle between the aircraft centerline and the aircraft velocity vector is the drift or the
crab angle (by definition, they have the opposite signs), and is shown in Figure 2-4d.
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Figure 2-4de plots the aircraft altitude. It is seen that several acquisitions were recorded
while the aircraft was on the ground. The aircraft then takes off and quickly climbs to an
altitude of about 7600-ft.

Figure 2-4f plots the ground speed. The unit of the recorded ground speed is supposed to
be feet/sec, which can be converted into knots. Given the aircraft and MTS positions and the
aircraft velocity, one can compute the expected Doppler shifts of the MTS tones, as we have
done in Figure 2-41. When this computed Doppler was compared to the observed Doppler for
an acquisition in flight #9, a large discrepancy was observed. If, however, we assume the
units of the recorded velocity to be knots then the computed and the observed Doppler shifts
are seen to be in good agreement. We have, therefore, chosen to display the aircraft velocity
assuming the units to be knots. Note that an agreement between the computed and the
observed Doppler, or the lack of it, in no way affects the adaptive processing of the
clutter/MTS signals, though it is critical when deciding which Doppler cell to search for a
particular target. Sincel knot = 1 nautical mile / hour = 6,000 ft / 3,600 sec = 5/2 ft/sec =
1.67 ft/sec, the speed profile is reduced by a factor of 1.67 if we assume the recorded speed is
indeed in ft/sec units.

Figure 2-4g plots the recorded transmit and receive azimuth angles and also the
computed azimuth angle to the MTS on the ground. These angles are in the aircraft
coordinate system, with the azimuth being measured clockwise from aircraft nose and thus a
direction of 270 degrees points in a direction that is normal, i.e., broadside, to the antenna
array. The transmit azimuth (x) is seen to be broadside during this portion of the flight. For
the early portion, the transmit direction is shown to be about 255°, but in reality, the
transmission was in broadside with a spoiled (~25°) beamwidth; the code for the spoiled
beam was incorrectly interpreted as the pointing direction. While a spoiled beam was being
used for transmission, the receive beam was alternately switched between broadside and
+10° of broadside. After that, the receive (0) beam was also pointed broadside. During this
portion of the flight, the MTS (+) also appears to be within £10° of the broadside of the
antenna. Since the transmit beam is about 7.5°, the ground close to the MTS, if not the area
immediately next to the MTS, is illuminated.

Figure 2-4h shows the aircraft roll angle as measured in the INU system, along with the
computed MTS elevation angle in the aircraft coordinate system. After the aircraft has settled
down, the aircraft is rolled slightly to the left while making a steady left turn, and the MTS
elevation with respect to the array is almost zero. The elevation beamwidth of the array is
about 13°.

Figure 2-4i plots the range, in nautical miles, to the MTS and Figure 2-4j shows the same
information in terms of range cells (with sampling at 1.25 MHz, rangecell width = 120 m).
At a PRF of 1,984 Hz, the unambiguous range window is 630 range cells long. Thus the
MTS, in about cell #180, is within the first unambiguous range window. If there is a
triggering delay, its signals will appear farther away, i.e., in a cell with a higher number,
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which can eventually foldover if the delay is large. During this flight, the MTS was in a free-
running mode, i.e., it put out pulses at the same PRF as the MCARM radar but it was not

synchronized to it.

Figure 2-4k plots the radial velocity of the MTS with respect to the MCARM aircraft.
This radial velocity is computed based on the assumption that the unit of the recorded values
of the velocity is knots and not fps.

Figure 2-41 plots the computed Doppler shifts of the MTS tones as received at the
MCARM receiver. It should be noted that the Doppler shift of the MTS tones is proportional
to the radial velocity and not twice the radial velocity. In case of the MTS, the signal
originates in the MTS and traverses the distance only once to reach the receiver. In case of
the skin or clutter returns, the signal traverses twice the distance between the radar and the
object, i.e., from transmitter to the object and back to the receiver and thus the Doppler shift
is proportional to twice the radial velocity. Therefore, the Doppler of the ground clutter from
the immediate neighborhood of the MTS will be double that calculated for the MTS itself.

(a) Platform Azimuth (b) Platform Roll

Figure 2-4. Flight Parameters on Flight #5, Acquisitions 90 to 230
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2.3 Acquisition #5-152

On flight #5, we have looked at two acquisitions. One of them is acquisition #152, which
is included in the flight path shown in Figure 2-3. On this acquisition, the MTS was located
on the left side of the aircraft and the recorded data clearly shows the MTS tones that are not
obscured by the ground clutter. Table 2-1 lists some of the flight and MTS parameters
relevant to this acquisition. Table 2-2 lists some parameters relevant to the MTS for this
acquisition.




Table 2-1. Flight and Data Collection Parameters on Acquisition #5-152

Parameter Value
BAC 1-1 Altitude | 7,556 ft, Range cell #39

Roll Angle 7.5°

Pitch Angle 4.13°

Crab Angle 4.7°
Transmit Azimuth ~ 270°(broadside)
Receive Azimuth 270°

Ground Speed 426.7 knots
PRF 1,984 Hz

Table 2-2. MTS Parameters on Acquisition #5-152

Parameter Value
Range 11.97 nm, Range cell #185
Azimuth 275.2°
Radial Velocity 15.14 knots
Doppler Shift -322Hz
Mainlobe Doppler -238 Hz

The MTS location corresponds to the range cell #185. As mentioned earlier, the MTS
signal would show in a cell farther out because of response delays of the MTS. In this case,
the MTS was actually free running, and the signal happens to appear in range cell #450.

23.1 Iso-Rénge and Iso-Doppler Contours

Figure 2-5a plots the iso-range contours relative to the position of the aircraft at
acquisition #152 on flight #5. The range values are displayed in nautical miles. These
contours are generated by computing range values at closely spaced grid points on the
ground and then allowing a MATLAB contour-generating routine to compute the iso-range
contours for the desired range values. ‘ )
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Figure 2-5. The Iso-Range Contours at Acquisition #5-152

Recall that the effective PRF is 1,984 Hz and at this PRF, the limit of the unambiguous
range is only 40.82 nm and all ranges foldover every 40.82 nm. Figure 2-5b shows the iso-
range contours in terms of the ambiguous ranges. All clutter returns from ranges beyond the
first 40.82 nm will foldover onto and add to the returns from the first 40.82 nm. However,
since the returns at the longer ranges quickly fade, the clutter return will probably not consist
of more than two foldovers.

Figure 2-6 plots the iso-Doppler contours relative to the aircraft position at acquisition
#5-152. The numbers shown on the contours are the relative velocities on the contour rather
than the actual Doppler.

The MTS transmits at the same frequency (1,240 MHz) and the same PRF (1,984 Hz) as
the MCARM transmitter. It actually generates 5 tones, nominally at 0, 200, 400, 600, and
800 Hz shifts from the center frequency. These tones are received at the MCARM receiver
with a Doppler shift that is a function of the relative velocity of the MTS with respect to the
BAC 1-11 aircraft.
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Figure 2-6. The Iso-Doppler Contours at Acquisition #5-152

2.3.2 Clutter and MTS Returns

Figure 2-7 shows the range-Doppler intensity (RDI) plot for acquisition #5-152, at the
angle index 58, which corresponds to the azimuth angle, about -275°, of the MTS on the
ground. Figure 2-7a covers almost all the range cells, namely from cell #1 to cell #625 (the
range window contains 630 cells) and the complete Doppler window, namely from about
~990 Hz to 990 Hz (the Doppler window is +992 Hz). The scenario is dominated by the
strong response in cell #68 at about 0 Hz. This happens to be the leakage from the transmitter
into the receiver. Note that the range window clearly starts before the pulse is transmitted,
and any range measurement based on range cell number of the response has to account for
this fact. '

Figure 2-7b attempts to emphasize the rest of the return by starting from range cell #125.
The strong returns from the near-in range cells from cell #125 to about cell #300 are clearly
seen. One can also observe the MTS tones in range cell #450. Figure 2-7 ¢ shows the RDI
plot only for the cells 44-460, clearly showing a few of the MTS tones. Figure 2-7 d is a
horizontal cut through cell #450 in the Figure 2-7c.
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Figure 2-7. RDI Plot on Acquisition #5-152

Table 2-3 lists the first 12 peaks in Figure 2-7d. The highest observed peak is at -806 Hz,
at a level of —48 dB. Recalling that the MTS transmits five tones at the nominal frequencies
of -800, -600, -400, -200, and 0 Hz, we can expect to see 4 other tones at or close to these
values. Indeed, we note tones at —604, -403, -201, and —15, which are close enough to the
true values. Note that the order of the last 2 tones is switched in magnitude. The other
observed peaks are spurious. '

On the average, the observed tones are shifted by about 3 Hz from the nominal values.
We had earlier calculated the expected Doppler shift to be about —32 Hz, on the assumption
that the recorded aircraft velocity units are knots and not fps as claimed in the report [1].
Clearly, the observed offset is much less than this computed value. The discrepancy may be
due to an error in the recorded crab angle. Even if the units are actually fps, the expected
Doppler shift becomes about 20 Hz, which is still different from the observed value.
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Table 2-3. Twelve Highest Peaks in Figure 2-6d

Peak # | dB | Freq. (Hz) Corresponding

Nominal MTS Tones
1 -48 -806 -800
2 -53 -604 -600
3 -55 -325
4 -56 -403 -400
5 -61 -15 0
6 -65 -93
7 -66 -201 -200
8 -66 -279
9 -73 -170
10 -75 46
11 =77 -449
12 80 186

Figure 2-8 shows that the transmitter or the MTS pulses do not occupy only one cell, but
several. This necessitates the use of guard cells when applying STAP algorithms.

L Leppler 1542

(a) MCARM Transmitter Leakage Pulse : (b) MTS Pulse

Figure 2-8. MCARM Transmitter and MTS Pulse Width
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Figure 2-9 shows the angle-Doppler pldts for 3 range cells; namely, cell #s 440, 450, and

460. The plot for cell #450 shows the presence of the tones, while the plots for the cells 440

and 460 do not display the tones. A vertical cut at angle index of 58 in Figure 2-9b produces
the same list of peaks as in Table 2-3. Figure 2-9d is a horizontal cut at -604 Hz in Figure 2-
9b, showing that the peak is at an index of 57, confirming that the MTS is indeed located at
an angle index of about —-275°, as was computed earlier.

(c) Range Cell #460 (d) Range Cell #450, Cut at —-604 Hz

Figure 2-9. Angle-Doppler Plot on Acquisition #5-152
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2.3.3 FTS and EFA Algorithms Applied to Acquisition #5-152 with Angle Index 58

Figure 2-10 shows the unadapted RDI plot for cells 430-470 with angle index 58, which
is in the direction of the MTS; a cut through range cell #450 is shown in Figure 2-10b. The
tones at the nominal frequencies of -800 and -600 stand almost in the clear, while the tones at
the other 3 nominal frequencies of -400, -200 and 0 Hz are corrupted by clutter to various
degrees. The results of applying various STAP algorithms should be compared to these 2
figures.

Figure 2-11a is the result of applying the Factored Time Space (FTS) algorithm (see
Appendix A), using only one elevation row of the antenna, a 100-cell support and allows for
3 guard cells in the fore and three cells in the aft of the test cell. Of the 100 support cells, 50
are in the fore and 50 are in the aft of the test cell. The tones at —800, -600, -400, and 0 Hz
are seen quite clearly. The tone at —200 Hz is also quite apparent, though it seems to be
reduced in magnitude compared to the other tones.

VIBDTE] —ngle tnde:r i Fange celt # S50

(a) Unadapted RDI (b) Cut Through Cell 450

Figure 2-10. Unadapted RDI, Acquisition #5-152, Angle Index 58

The result of including both elevation rows, i.e., all 22 channels, without increasing the
support, is shown in Figure 2-11b. The results appear to be worse than the 11-channel case.

The result of increasing the sample support to 200 is shown in Figure 2-11c. All the tones
are visible, though the peaks are tending to split. Note that the 200 range cells cover not only
a swath that is 200 * 120 = 24,000 m wide in the immediate neighborhood of the test cell, it
actually encompasses, because of the foldover in range, another 24 km from about 40 nm
(~72 km) away.
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Figure 2-11. FTS Algorithms Applied to Acquisition #5-152, Angle Index 58

The results of applying the Extended Factored Algorithm (EFA) STAP algorithm (see
Appendix A) are shown Figures 2-12a and 2-12b. The former uses only 11 channels, i.e., 1
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row, with 66-cell support; the latter uses all 22 channels and 198-cell support. Neither result
looks impressive.

(b) Channels: 22; Support: (-99,+99); Guard Cells: +3

Figure 2-12. EFA Algorithms Applied to Acquisition #5-152, Angle Index 58

2.3.4 FTS and EFA Algorithms Applied to Acquisition #5-152 with Angle Index 90

In Section 2.2.3, we used the angle index 58, which directed the receive beam almost at
the MTS, and therefore at least two of the five tones were clearly visible outside the clutter.
It is interesting to see how the results are affected if the pointing direction of the receive
beam is now changed to point it more towards the tail of the aircraft, thus emphasizing the
clutter at the more negative frequencies.
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Figure 2-13 is the unadapted RDI plot for angle index 90. The clutter obscures most of
the five tones at the nominal frequencies of ~800, -600, -400, -200, and 0 Hz.

Ta—dan—oo File rensui Sl —ngle indesn Ll Range celi # 450

_con

Seon T A
Droppler (Hz)

Figure 2-13. Unadapted RDI, Acquisition #5-152, Angle Index 90

Figure 2-14 is the result of applying FTS, using all 22 channels, 200-cell sample support
and +3 guard cells. The adaptive process does bring out all the 5 tones, though the peaks
appear to break somewhat. '

Sngle inden J Range ced # <50

N

Figure 2-14. FTS Algorithms Applied to Acquisition #5-152, Angle Index 90,
Channels: 22; Support: (-100,+100); Guard Cells: +3
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Figure 2-15 shows the result with 11 channels, a 46-cell support and +3 guard cells.
Again the 5 tones are visible, though the 0 Hz tone seems to be surrounded by clutter
residues.

_-Jan- s Fde e ctas 1 sasgte e

e e e —

Figure 2-15. FTS Algorithms Applied to Acquisition #5-152, Angle Index 90,
Channels: 11; Support: (-28,+18); Guard Cells: +3

Figures 2-16a to 2-16d show the results of using FT'S with 11 channels, 22-cell support
and £10, +3, +2, and +1 guard cells, respectively. The first 3 tones are visible in all cases
except the last, which allows for only one guard cell on either side.

(a) Guard Cells: £10

Figure 2-16. FTS Algorithms Applied to Acquisition #5-152, Angle Index 90,
Channels: 11; Support: (-11,+11)
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(d) Guard Cells: 1

Figure 2-16. FTS Algorithms Applied to Acquisition #5-152, Angle Index 90,
Channels: 11; Support: (-11,+11) (Concluded)
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Figure 2-17 presents the results of applying the EFA algorithm with all 22 channels and
using a 198-cell support and +3 guard cells.

“-Feb-at Fie. rey S oangle oadenr 30 Range cel @ S50

Figure 2-17. EFA Algorithms Applied to Acquisition #5-152, Angle Index 90,
' Channels: 22; Support: (-99,+99); Guard Cells: +3

2.3.5 JDL-mxn Algorithms Applied to Acquisition #5-152, Angle Index 58

Figures 2-18, 2-19 and 2-20 show the results of applying the Joint Domain Localized
(JDL)-mxn algorithm, described in Appendix A, to the acquisition #5-152 with angle
index 58. The JDL-mxn algorithm uses mxn degrees of freedom in the Doppler-beam space,
comprised of m Doppler bins and n beams or steering directions. The m Doppler bins and the
n beams can be chosen in different ways. We have chosen to depict the choice as (m;*my) x
(ny*ny), where m = m; + 1 + mpand n =n; + 1 + na, with m, being the number of Doppler
bins ahead of the selected Doppler bin and m2 being the number of Doppler bins following
the selected bin. Similarly, n; is the number of beams ahead of the selected beam and ny is
the number of beams following the selected beam. For all choices of m and n in this figure,
the sample support comprises 20 range cells before and 10 range cells after the selected
range cell, i.e., a total of 30 range cells. Also, in all cases, +3 guard cells are used.

Figure 2-18a is the unadapted RDI plot, covering only the range cells 440-460 and the
frequency range ~900 to 100 Hz. In this plot, the tones at ~800 and —600 stand out in the
clear; the tone at —400 seems to be visible, though the ground clutter is in the neighborhood;
the tones at —200 and 0 Hz are not recognizable. The relative amplitudes of the tones are
shown in Figure 2-6d.

Figure 2-18b is the result of applying JDL- (0*0)x(0*0), which, when simplified, is the
JDL-1x1, i.e., the degrees of freedom in both the domains are unity. The tones at —800 and
—600 Hz are still visible and the ground clutter is largely eliminated, but so are the tones at
-400, -200, and 0 Hz.
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Figures 2-18c to 2-18i use degrees of freedom only in the Doppler domain, and in all
these cases, we seem to have lost the lower three tones along with the clutter.

(b)ym=1=0%0 ©)m=2=1*%0

(d)m=3=2%0 (e)m=3=1%1

(8 m=5=4*%0 (h)m=6=5%0 (i) m=6=0%5

Figure 2-18. JDL_mx1 Algorithms Applied to Acquisition #5-152, Angle Index 58;
Channels: 22; Support Cells: (-20, +10); Guard Cells: +3

Figure 2-19 is the result of applying the JDL 1xn algorithm to this acquisition. Figures
2-19a and 2-19b use 2 degrees of freedom in the beamspace domain, i.e., 2 beams. Now the
tone at —400 Hz is clearly visible, with the tones at ~200 and 0 Hz also faintly observable.
Different degrees of freedom in the beamspace domain are tried in Figures 2-19¢ to 2-191.

Figure 2-20 combines degrees of freedom in the beamspace domain with degrees of
freedom in the Doppler domain.
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Figure 2-19. JDL_1xn Algorithms Applied to Acquisition #5-152, Angle Index 58;
Channels: 22; Support Cells: (-20, +10); Guard Cells: +3
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(g) 2x2 = (1*0)x(1*0)

() 3x3 = (1*1) x (1*1)

Figure 2-20. JDL_mxn Algorithms Applied to Acquisition #5-152, Angle Index 58;
Channels: 22; Support Cells: (-20, +10); Guard Cells: +3

Comparing these results, it appears that for this acquisition, JDL 1x6, (where 1x6 is
selected as (0*0) x (3*2), shown in Figure 2-19k), seems to perform the best. This adapted
RDI is repeated in Figure 2-21a and a cut through range cell #450 for this case is shown in
Figure 2-21b.
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(a) RDI (b) Cell 450

Figure 2-21. JDL_1x6 = (0%0)x(3*2) Algorithm Applied to Acquisition #5-152,
Angle Index 58; Channels: 22; Support Cells: (-20, +10); Guard Cells: +3

2.4 Acquisition #5-575 — Looking for the Sabreliner

Figure 2-22 shows a portion of the flight #5 flight path where the target aircraft, a
Sabreliner, was also aloft and almost broadside to the MCARM antenna. This portion of the
flight path is a continuation of flight path shown in Figure 2-3 and is included in Figure 2-2.

woulay- s Flght Path ot B0 -1 on Flight & © acq dJndiid

S S —

North of BWI (nm)

East%f BwW1 Em)

Figure 2-22. Flight Paths of BAC 1-11 and Sabreliner on Flight #5

Table 2-4 lists some of the parameters relevant to this acquisition. The target is at a range
of 57.12 nm, or cell #882, which is in the second range ambiguity window (unambiguous
range window is about 40 nm ~= 630 range cells). The folded-over range cell should be
882-630 = 253, but recall that the transmit pulse appears in range cell #68. Therefore, the
target should appear in 252 + 68 = 320.

The target’s azimuth with respect to the BAC 1-11 aircraft is computed to be 268.9°,
while the transmit and receive azimuth are both at 270°. Since the azimuth beamwidth is at
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least 7.5°, it may be expected that the MCARM radar illuminates the target, and the
MCARM antenna receives the skin returns.

The aircraft was flying with a crab angle of -7.3°. The relative velocity of the target with
respect to the BAC 1-11 is computed to be —122.8 knots, which translates to a Doppler shift
of 522.5 Hz. Because of the crab angle, the mainbeam clutter Doppler is non-zero; it is
computed to be 219.1 Hz. Recall that we have made the assumption that the recorded
BAC 1-11 velocity is in units of knots and not fps. It is assumed that the Sabreliner velocity
is recorded in the proper units (decimeters/sec). Since the difference in Doppler shift of the
target return and the mainbeam clutter should only be a function of the target velocity, the
computed difference of 522.5 — 219.1 = 303.4 Hz, is independent of the BAC 1-11 velocity,
and independent of what units we chose for that velocity.

Table 2-4. Target Parameters on Acquisition #5-575

Parameter ‘ Value
Range © 57.12nm
Range Cell Absolute: 882; Ambiguous: 320
Target Azimuth 268.9°
Transmit/Receive Azimuth 270°/270°
Crab Angle -7.3°
Radial Velocity -122.8 knots
Target Doppler Frequency 522.5Hz
Mainbeam Doppler Frequency 219.1 Hz

Figure 2-23a plots the iso-range and iso-Doppler contours for the ground clutter. The
ground point of the target is shown. Note that the target range indicated by the range
contours is valid, but the Doppler contours do not indicate the Doppler shift of the target skin
return. The Doppler contours only indicate the Doppler shift of the ground clutter return.

Figure 2-23b is a RDI plot for all the range cells and the complete Doppler window of
4992 Hz. The strong return in range cell #68 at about 0 Doppler is, of course, the leakage
pulse. Figure 2-23c repeats this plot for cells 150-630 only, thus suppressing the strong return
in cell 68. The near in clutter return is quite strong, slowly fading toward the far ranges. Note
that the very far ranges have folded over on to the near ranges. The mainbeam clutter
Doppler seems to be centered on about 150 Hz and has a spread of about 200 Hz. Figure
2-23d shows a cut through cell 320 in Figure 2-23c.

2-25




#5 Acq. 575 Iso-amb-rng (am): from 0 in steps ol 10 4so-amb- dop (H7):

r e e e T ey

—_
£
=
=
=
=
fas}
-
)
=
=
S
=

(a) Iso-range/iso-Doppler Plot

bt ey sinbe ngle vaes A

(c) RDI, Cells 150-630, Ang. Ind. 60 (d) Cut Through Cell #320 in (c)

Figure 2-23. Acquisition #5-575 — Looking for the Sabreliner

We have already noted that the target Doppler should be as much as 300 Hz above the
clutter Doppler. Also, given the geometry, the target was being looked at from the side; thus,
a large radar cross section (RCS) would have been seen. We are, therefore, surprised not to
see a strong return in a range cell around cell #320, and in a Doppler bin around 522 Hz,ora
little less.

Figure 2-24 shows the angle-Doppler plot for this acquisition. The linear clutter ridge is
clearly seen.

Figure 2-25 shows the RDI plot after applying a JDL-3x3 clutter suppression algorithm
to it. The angle index used is 70, the sample support is 20 range cells and 3 guard cells are
allowed on either side. A relatively strong return is observed in a range cell around 300, at a
Doppler of about 325 Hz. But it is not clear if this is the Sabreliner, which was expected in
range cell around 320 with a Doppler at around 522 Hz. Our conclusion is that, for whatever
reason, the Sabreliner was not evident in the data.
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Figure 2-25. JDL-3x3 Algorithm Applied to Acquisition #5-575, Angle Index 70;
Channels: 22; Support Cells: (-10, +10); Guard Cells: =3
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Section 3

Bistatic MCARM Data — Flight #9

3.1 The Tethered Aerostat Radar System (TARS)

During the MCARM bistatic data collection, a copy of the MCARM waveform generator
was used to excite the L-band transmitter of a TARS aerostat (Figure 3-1) that hovered in
place at an altitude of about 10,000 feet and was tethered at the Horse Shoe Beach on the
western coast of Florida, at a distance of about 51 nm from Gainsville. The TARS has a
space-stabilized rotating parabolic dish, rotating at a 5 rpm rate, and is programmed to
radiate only when the 2.2° main beam starts to pass over the MTS location.

Figure 3-1. The TARS Aerostat Carrying the Bistatic Transmitter

The BAC 1-11 (see Figure 2-1) carries the MCARM radar, which is used only as a
passive receiver on this flight. A sensor on the BAC 1-11 senses the sidelobes of the TARS’
sidelobe radiation and alerts the MCARM radar, which then starts recording data. MTS
transmits the exact same waveform as the TARS radar (fp = 1,240 MHz, PRF = 23,148 Hz,
1.6 us dumb pulses), but is not synchronized to the TARS pulses. During each revolution of
the TARS antenna every 12 seconds, the MCARM receiver records for about 100 ms,
straddling the TARS beam-dwell time of about 70 ms. There were several hundred such
bistatic acquisitions recorded on flight #9.

3.2 The Flight Path and Flight Parameters

Figure 3-2 shows the flight path during acquisitions 50-230 on flight #9. The BAC 1-11
takes off from the Gainsville airport in Florida and makes several counterclockwise loops
around the MTS located near the Gainsville airport, thus presenting the left side mounted
phased array antenna toward the MTS. Only one loop is shown. The increasing acquisition
numbers indicate the direction of flight.
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Figure 3-2. Part of the Flight Path of Bistatic Flight #9

Figure 3-3 plots several flight parameters, namely, crab angle, roll angle, pitch angle,
altitude, ground speed and TARS to BAC 1-11 range. The altitude is shown in ambiguous
range cells. The ground-speed is shown based on the assumption that the units of the
recorded velocity are knots and not fps as claimed in [1]. If the units are accepted to be fps,
these numbers should be reduced by a factor of 1.67. Figure 3-4 plots some of the MTS-
related parameters on Flight #9.
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Figure 3-3. Flight Parameters on Flight #9, Acquisitions 50-230
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3.3 Acquisition #9-110

3.3.1 Iso-Bistatic Range and Iso-Bistatic Doppler Contours

Table 3-1 lists some of the flight parameters relevant to acquisition #9-110; Table 3-2
lists parameters pertaining to the MTS during this acquisition. Note that the TARS
transmitter is located at a range of more than 51 nm from the target area, while the MCARM
receiver is located at about 19 nm, i.e., the receiver is much closer to the target area than is
the transmitter. The bistatic range is about 70 nm and the bistatic angle is about 70°. The
PRF is 23,148 Hz. At the data sampling rate of 1.25 MHz, there are only 54 bistatic range
cells of 240 m each in each pulse repetition interval, i.e., the range folds over every 54 x 240
= 12,960 m or about 7 nm. The MTS azimuth is 238.4°, i.e., about 27° aft of the broadside of
the antenna.

The effective radial velocity of the MTS is 199.8 knots, which translates to a Doppler
shift of the MTS signals of —424.8 Hz. Because the TARS transmitter is essentially
stationary, the Doppler shift of the ground clutter depends on only the velocity of the
BAC 1-11, without the doubling that occurs in the monostatic case. Thus the clutter Doppler
for the MTS neighborhood has the same Doppler shift as the MTS and should be around
—424 Hz.

Table 3-1. Flight and Data Collection Parameters on Acquisition #9-110

Parameter Value
BAC 1-1 Altitude | ~10 kft,
Range cell #39
TARS-BAC Range 48.7 nm
Roll Angle -0.24°
Pi;ch Angle 4.08°
Crab Angle 0.64°
Receive Azimuth 270°
Ground Speed 344.7 knots
PRF , 23,148 Hz
Range Cells per IPP 54
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Table 3-2. MTS Parameters on Acquisition #9-110

Parameter Value
TARS-MTS Range 51.67 nm
BAC-MTS Range 18.66 nm
Bistatic Range 70.33 nm, Range Cell 543
Ambiguous Range Cell 3
Bistatic Angle 70.53°
Azimuth 238.4°
Radial Velocity ' 199.8 knots
Doppler Shift -424 8 Hz

Figure 3-5 shows the iso-bistatic range and iso-bistatic Doppler contours on the ground
for acquisition #9-110. The bistatic range is the total range from the TARS transmitter to the
point on the ground and from that point to the MCARM receiver. As in the monostatic case
discussed in Section 2, we first compute the bistatic range for closely spaced grid points on
the ground and then allow a MATLAB contour routine to find the contours at the desired
values. In Figure 3-5a, the range contours are shown for the ranges at which they foldover
into the primary 7-nm bistatic range window. The dotted line joining the TARS ground point
with the BAC 1-11 ground point shows the approximate region on the ground that is
illuminated by the narrow TARS beam, though we have not made any attempt to show the
strength of illumination along this region. We may guess that the illumination is the strongest
around the MTS and falls off in either direction. It appears that we can expect at least five or
six foldovers in range and the data indeed shows about this number of foldovers.

Figure 3-5b shows the bistatic Doppler contours. The bistatic transmitter on the TARS is
essentially stationary and hence the bistatic Doppler depends on the BAC 1-11 motion only
and the Doppler contours appear to have the same nature and orientation as the monostatic
Doppler contours. However, unlike the monostatic Doppler, the bistatic Doppler shifts are
half the value because the transmitter-to-ground range is constant, with only the ground-to-
receiver range being subject to change due to the BAC 1-11 velocity. And for the same
reason, the shift for the MTS tones, unlike the monostatic case, is the same as that of the
ground clutter in the MTS neighborhood. The MTS Doppler shift was computed to be about
—424 Hz.
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Figure 3-5. Iso-Bistatic Range and Iso-Bistatic Doppler Contours,
Acquisition #9-110

3.3.2 Clutter-Free MTS Returns in Acquisition #9-110

Figure 3-6 shows the nature of the MTS signal. Figure 3-6a plots the signal strength in
cell #33 against the pulse numbers. Recall that the MCARM receiver starts recording when
alerted by a sensor that the TARS is transmitting, which it does while its rotating beam
dwells on the MTS location on the ground. The MCARM receiver can delay the start of its
recording by a specified amount. It records for about 100 ms, which, at 23,148 Hz PRF,
would record about 2,314 pulses. On flight #9, all of the CPIs actually have 2408 pulses

- included.

The TARS beam dwell time is about 70 ms and the TARS probably transmits a little
longer than that, maybe 100 ms. But because of the delay introduced in the start of the
recording, the CPI may record only a part of the transmissions. For the remainder of the CPI,
it records only the MTS signals, which is in a free-running mode and transmits continuously.
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In this particular CPI, only the first 650 or so pulses contain clutter returns, after which the
transmitter is turned off until the mainbeam returns to the MTS during the next revolution of
the antenna. During the rest of the CPI, i.e., to pulse #2408, only MTS tones are recorded.
The MTS signal happens to be in cell #33 in this CPI; actually the radar as well as the MTS
pulses, which are nominally 1.6 ps wide, occupy about three range cells.

19-Feb
s

(c) Cut Through Cell #33 (d) ADI Plot, Cell #33

Figure 3-6. The MTS Signal on Acquisition #9-110

Several observations may be made from Figure 3-6a. Firstly, the time-domain structure
observed in the MTS signal is due to the beating of the many tones in the MTS signals.
Secondly, the MTS signal is roughly 20 dB below the clutter in power level, i.e., the clutter-
to-signal ratio (CSR) is about 20 dB. But because the clutter lasts for only about 650 pulses
while the signal lasts for all 2408 pulses, the energy ratio is about 14 dB in cell #33 over the
complete set of pulses. If pulses beyond 650 are considered, the clutter-to-signal ratio is
0 (i.e., -oo dB), while if only pulses from the first 650 pulses are considered, the ratio is
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20 dB. By choosing the section of the CPI to be processed, we can vary the CSR between -|L
and 20 dB.

Figure 3-6b shows the RDI plot with the MTS signal only, i.e., pulse 650 and higher.
The dynamic range is set at 40 dB, leaving the background almost clear. (The same plot is
repeated in Figure 3-10d with a dynamic range of about 60 dB, showing more of a speckled
background).A horizontal cut through cell #33 of this plot is shown in Figure 3-6¢. The
‘Christmas Tree’ structure of the tone cluster, with a tone offset by 500 Hz, is clearly
observable. The nominal characteristics of the MTS tones are shown in Table 3-3 and
observed characteristics are listed in Table 3-4. The observed tones are Doppler shifted by
—463 Hz, which agrees quite well with the computed value of 424 Hz. In deed, this
agreement between the observed and the computed Doppler in this acquisition prompted us
to assume that the units to be used for the recorded velocity of the BAC 1-11 was knots, and
not fps. Had we used fps as the units, the computed Doppler shift would have been about
—253 Hz, which is quite different from the observed value of 463 Hz. The strong offset tone
has been purposely included in the set of MTS tones, so that it is likely to stand out of the
mainbeam clutter and enable the verification and location of the MTS tones when the main
cluster is submerged in ground clutter.

The magnitude and frequency of the observed tones, normalized to the peak tone, is
given in Table 3-5. Apparently, the tones are 45 Hz apart rather than the intended 50 Hz. The
eleventh tone is a spurious picked up by the peak-finding routine that searched for the
12 highest peaks. This peak can be seen in Figure 3-6c.

Figure 3-6d shows the Angle Doppler Intensity (ADI) plot for the MTS-only case. Since
there is no clutter, there is no ‘clutter-ridge’. The tones are visible at almost all angles
because of the significant sidelobes of the MCARM antenna. The peak of the response is
seen to occur at an angle index of 94, which is close to the computed azimuth location of the
MTS with respect to the MCARM antenna.

Table 3-3. The MTS Tones — Design Characteristics

# | 1|2 3|4 [s5)e] 7| 8|9 |10]11 |12

dB| 30 | 24 | -18 | -12| -6 |0] -6 -12 | -18 | -24 | -30 0

Hz | 250 | -200 | -150 | -100 | -50 | O | +50 | +100 | +150 | +200 | +250 | +500
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Table 3-4. Observed MTS Tones on Acquisition #9-110

# 1 2 3 4 5 6 7 8 9 10 | 11 | 12
dB 1 5 11 17 | 24 | 30 | 23 17 10 3 0 |29
Hz | -700 | -644 | -599 | -553 | -508 | -463 | -418 | -372 | -316 | 271 |{ 45 | 0

Table 3-5. Observed MTS Tones on Acquisition #9-110
(Normalized to the Central Peak)

# 1 2 3 4 S 6 7 8 9 10 | 11 | 12
dB | -29 | 25 | -19 | -13 | -6 0 -7 -13 | -20 | -27 | -30 | -1
Hz | -237 | -181 | -136 | -90 | -45 0 45 | 90 | 147 | 192 {418| O

3.3.3 MTS Signal Plus Clutter in Acquisition #9-110

Figure 3-7 shows the RDI when all the pulses in acquisition #9-110 are used, i.e., now we
have both clutter as well as the MTS tones, with a CSR of about 14 dB.

Figure 3-7a plots the RDI with an angle index of 94, i.e., the receive beam is pointed at
the MTS. Since we already know that the MTS tones occur in cell #33, the outlines of the
tones can be made out; otherwise, the tones are practically obscured by the clutter returns. It
is clear that the long, narrow swath of ground illuminated by the TARS beam has folded over
about five times, since we can see 5 distinct patches of clutter. The central patch appears to
be the strongest for this angle index, and it more or less coincides with the main MTS tone
cluster. Because of the clutter foldover, the MTS offset tone is also straddled by the clutter
returns.

Figure 3-7b and 3-7¢ plots the RDI image for angle indexes 65 and 20, respectively. As
expected, different portions of the clutter return are emphasized as the angle index is
changed, with the emphasis moving toward the positive Doppler region as the pointing angle
moves toward the nose of the aircraft (index 94: about 30° aft of broadside; index 65:
broadside; index 20: about 45° fore of broadside).
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(2) Angle Index = 94

Figure 3-7. RDI Plot, Acquisition #9-110

Figure 3-8a is a 3D rendition of the plot in Figure 3-7a. Figure 3-8b is a cut through
cell #33 in Figure 3-8a, showing that the MTS tones are noticeable even though corrupted by
the clutter.

Figure 3-9 is the angle-Doppler plot for cell #31 of this acquisition. Note that the MTS
signals have the same peak magnitude in cell 31 as in cell 33, and we happened to have
produced the angle-Doppler plot for cell 31 rather than cell 33. Because of the range-
foldovers, a smeared clutter ridge, rather than a well-defined clutter ridge, is observed. Note
that there is no Doppler aliasing since the highest expected Doppler is less than 750 Hz for
this acquisition, while the PRF is over 23 kHz.
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Figure 3-8. 3D RDI and Cell 33, Acquisition #9-110

Figure 3-9. Angle-Doppler Plot, Acquisition #9-110, Cell #31

3.3.4 FTS Algorithm Applied to the Bistatic Acquisition #9-110

Figure 3-10 shows the result of applying the FTS algorithm to the bistatic acquisition
#9-110. Only one row of the antenna, i.e., 11 channels, is used, supported by 22 range cells,
and employing +3 guard cells. The support cells are nominally split into 11 fore and 11 aft,
but when processing the lower or the higher ends of the range window, the split changes to
accommodate the maximum number of cells available from the fore or aft while keeping the
total support to 22 cells.
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(c) Pulses > #325, CSR = 11.93 dB

Figure 3-10. FTS-Adapted RDI and Cell #33, Acquisition #9-110 (Channels: 11;
Support Cells: +11; Guard Cells: +3)
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(d) Pulses > #650, Clutter-free

Figure 3-10. FTS-Adapted RDI and Cell #33, Acquisition #9-110 (Channels: 11;
Support Cells: +11; Guard Cells: +3) (Concluded)

Figure 3-10a shows the results when all the pulses are included, i.e., all the clutter is
included. This produces a CSR of about 14.3 dB. It is observed that the adaptive processing
has removed the clutter but has also suppressed the MTS tones that were obscured by the
clutter, though the offset tone seems to have survived annihilation.

To check how the FTS would perform with different CSRs, we processed this
acquisition, using different number of pulses. Figure 3-10b shows the result when pulses
numbered higher than 162 are used. The CSR is about 13.3 dB. The tone cluster is still not
clearly visible.

Figure 3-10c uses pulses higher than 325, resulting in a CSR of about 11.93 dB. The
tones cluster is starting to become visible. Finally, Figure 3-10d disposes of all clutter by
choosing only pulses #650 and up. With no clutter present, the tone cluster seems to have
survived annihilation by the FTS adaptive process.

3.3.5 JDL mxn Algorithm Applied to the Bistatic Acquisition #9-110

3.3.5.1 JDL 3x3

Figure 3-11 shows the results of applying the JDL 3x3 algorithm to the acquisition #9-
110. The JDL 3x3 algorithm uses 3 Doppler bins and 3 beams and we have chosen the test
bin to be the central one in both the Doppler dimension and the beam dimension in these
trials.

Figure 3-11a shows the adapted RDI plot for all the cells but with the Doppler extent -
limited to a range to show the MTS tones more clearly. All 22 channels and all 2408 pulses
have been utilized. The sample support consists of 20 fore and 10 aft cells, i.e., a total of 30
cells, with +3 cells employed as guard cells. The 3x3 algorithm has 9 degrees of freedom and
requires only a minimum of 2x9=18 cells for support. When the test cell gets to one or the
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other end of the 54-cell range window, the fore-aft split is changed to make use of as many
cells as are available from the nearer end. The angle index is 94, i.e., the receive beam is
pointed at the MTS. It is seen that all the tones are clearly visible. To assure ourselves that
while the algorithm has suppressed the clutter without destroying the tones, it did not crate
artifacts in other regions of the total Doppler window, we have plotted the complete Doppler
window in Figure b.

Figure 3-11a used the angle index 94, thus placing the main receive beam in the direction
of the MTS. Would the performance degrade if the MTS tones come in through the sidelobes
of the receive beam pattern? The complete Doppler window for this case is shown in
Figure 3-11b to assure ourselves that no unexplained artifacts appear in the rest of the
window.

(2) All Pulses, Ang. Ind. 94, CSR = 14.3 dB

SteR-an g LTI

(c) All Pulses, Ang. Ind. 20, CSR = 143 dB  (d) Pulses <#1600, Ang. Ind. 94, CSR=16dB

Figure 3-11. JDL 3x3 -Adapted RDI, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3)
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Figure 3-11c shows the performance with the angle index 20, where the main receive
beam is pointed almost 50° away from the MTS. The tones are still clearly visible, though
the clutter cancellation overall seems to be less.

In Figure 3-11a, all the 2,408 pulses were used, resulting in a CSR is about 14.3 dB.
Figure 3-11d presents the results when the first 1600 pulses are used, resulting in a CSR of
) about 16 dB. The tones are still visible, though some artifacts beyond the offset tone now
appear.

The above results were obtained with the JDL 3x3 algorithm. We next present some
results from this bistatic acquisition with other values of the degrees of freedom (DOF) of the
JDL algorithm. '

3.3.5.2 JDL mxn

Figure 3-12 shows results of applying the JDL mx1 algorithm, where different values for
m, the DOF in the Doppler space, have been used, while holding n, the DOF in the beam
space, to unity. As before, the cell support is 30, with +3 cells being used as guard cells. The
angle index is 94, i.e., the receive beam is pointed at the MTS.

@ m=3=2%0 (e)m=3=_1*1 () m=3=0%2

Figure 3-12. JDL mx1 -Adapted RDI, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3)
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(k) m = 4 = 4*0 Hm=5=1%3

(p)m=11=5%5 (@Qm=15=7*7 () m=19=9%9

Figure 3-12. JDL mx1 -Adapted RDI, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3) (Concluded)

It is seen from Figure 3-12 that with a DOF of unity in the beam space, all DOF of 2 to
. about 7 in the Doppler domain seems to produce good performance. With higher DOF in the
Doppler domain, the performance seems to degrade in the sense that the tones start to smear
together though they still allow the particular cell to be ‘detected’ as containing the signal
tones.
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Figure 3-13 presents the cuts through range cell #33 of the JDL mx1 — adapted RDI plots
in Figure 3-12.

(@ym=1=0*0

(dm=3=2*%0 (e)m=3=1%1 ) m=3=0%2

(g m=4=3%0 (h) m = 4 =2*1 () m=4=1%2

()m=4=0%3 k) m=5=4*%0 Om=5=1*3

. Figure 3-13. JDL mx1 -Adapted Range Cell #33, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3)
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(m)m=35=0%4

(p)ym=11=5%5 (@ m=15=7*7 @) m=19 =9*%9

Figure 3-13. JDL mx1 -Adapted Range Cell #33, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3) (Concluded)

From the plots in Figure 3-13, it appears that JDL with the DOF 4x1, i.e., 4 degrees of
freedom in the Doppler space with the DOF limited to one degree of freedom in the beam
space, gives the best performance in terms of clutter suppression and clarity of individual

tones.
Now we examine the effect of additional degrees of freedom in the beamspace, with the

results being shown in Figure 3-14. With the DOF in Doppler limited to unity, the DOF in
the beam space is varied from 2 to 23 and it is found that none of the cases produce an

acceptable result.

(A)n=2=1%0 (c)n=3=2%0

Figure 3-14. JDL 1xn -Adapted RDI, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3)
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(m)n=15=7*%7 () n=19=9%9 (0)n=23=11*11

Figure 3-14. JDL 1xn -Adapted RDI, Acquisition #9-110 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3) (Concluded)

3.4 Acquisition #9-133

Figure 3-15 shows some of the results of applying STAP algorithms to the acquis-
ition #9-133. While we were quite successful with acquisition #9-110, we were not able to
see even the offset MTS tone in acquisition #9-133.
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Figure 3-15. Acquisition #9-133

In this acquisition, the TARS transmitter was on during the whole time of recording and
the effective CSR is probably of the order of 20 dB. Unlike acquisition #9-110, we did not
: have the option of reducing the effective CSR by considering only a portion of the
acquisition. '
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The iso-bistatic range contours clearly show that several foldovers in range are expected
and this is clearly seen in the RDI plot. The iso-bistatic Doppler plot indicates that the
Doppler shift for the MTS is expected to be about -600 Hz. Thus the 500 Hz offset tone
should appear at about —100 Hz, but unlike acquisition #9-110, there is no clear indication of
this tone in the unadapted RDI plot in this case. Thus there is no indication as to which, in
fact, if any, cell contains the MTS signal. However, there is no record that the MTS had
stopped transmitting and we have to assume that the signal is present in one of the cells.

The indicated angle index for the MTS in this acquisition was 120 and we applied a JDL
3x3 adaptive clutter cancellation algorithm using this index, but the results still did not reveal
any of the tone cluster. A strong residue is observed in cell #27, and we show a cut through
this cell in 3-15f, but we see no trace of the other tones. Figure 3-15c plots the signal strength
versus the pulse number in this cell, and we find that the TARS was on all the time during
the recording, probably resulting in a CSR of about 20 dB, going by the MTS signal level
" seen in acquisition #110. At this CSR, the STAP algorithm annihilates the tones along with
the clutter.

3.5 Pseudomonostatic Acquisitions

From the flight path in Figure 3-2 and the bistatic angles plotted in Figure 3-4c, it appears
that the bistatic angle reaches about zero degrees at acquisition 175, and the bistatic angles
are fairly small for all the acquisitions between 170 and 180. These are the so-called
pseudomonostatic acquisitions. In this subsection, we present some results from these
acquisitions.

3.5.1 Acquisitions 172, 173, 177-182 \

Figure 3-16 shows the unadapted RDI plots for the acquisitions 172, 173, 177-182. In all
these acquisitions, the offset MTS tone is clearly visible while the tone cluster is well hidden
by the ground clutter. Notice what appears to be a separate, large moving object that appears
at a Doppler of about -300 Hz.

Figure 3-17 shows the signal versus pulse for the respective cells containing the MTS
tones. The channel numbers are also indicated but the traces are similar for any channel. In
acquisitions 172, 173, 177, and 178, the TRS radar is on during the whole recording time,
while it is for parts of the time in acquisitions 179-182.
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(b) #9-173 () #9-177

d #9—178 | (e) #9-179 (f) #9-180

(g) #9-181 _ (h) #9-182

Figure 3-16. Unadapted RDI Plots for Several Pseudomonostatic Acquisitions

(a) 9-172, Cell #10, CH: 5 (b) 9-173, Cell #28, Ch:1&3  (c) 9-177, Cell #36, Ch:4&5

Figure 3-17. Signal Versus Pulse Number for the same Pseudomonostatic
Acquisitions as in Figure 3-16
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(g) 9-181, Cell #39, Ch: 5 (h) 9-182, Cell #48, Ch: 5

Figure 3-17. Signal Versus Pulse Number for the same Pseudomonostatic
Acquisitions as in Figure 3-16 (Concluded)

3.5.2 Adaptive Processing of Pseudomonostatic Acquisition #9-172

From Figure 3-17, it is clear that in acquisition #9-172, the TARS is on all the time and
thus the CSR is expected to be high, and per our experience so far, we do not expect the
STAP algorithms to be able to reveal the MTS tone cluster. Nonetheless, we tried theJ DL
3x3 and the FTS algorithms, with various angle indexes and the results are presented in
Figures 3-18 and 3-19, respectively.

It is seen that neither the JDL nor the FTS algorithms are able to recover the MTS tone-
cluster in range cell #10 from the clutter, though the offset tone, at a Doppler of about
350 Hz, is seen at almost all angles of index. It is especially clear at the angle index of 60,
which is about the direction of the MTS in this acquisition. The object in range cell 17 and a
Doppler of about 200 Hz, seen in the unadapted RDI plots also, is still clearly visible, but
there now appears to be a tail to it. It is interesting to conjecture that this represents road
traffic, but we do not have enough corroborative information to verify this conjecture at this
time.

There is also a strong return in cells 10-12, which was not noticed in the unadapted RDI |
plots, probably because of the limited dynamic return we had selected to view those plots. In
any case, after the clutter suppression, this object is clearly visible.
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(k) 110 @ 120

Figure 3-18. JDL 3x3 -Adapted RDI, Acquisition #9-172 (Channels: 22; Support
Cells: -20,+10; Guard Cells: £3)
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(& 70

Figure 3-19. FTS -Adapted RDI, Acquisition #9-172 (Channels: 11;
Support Cells: -11,+11; Guard Cells: +3)

3.5.3 Adaptive Processing of Pseudomonostatic Acquisition #9-180

It was seen in Figure 3-17f that in acquisition #9-180, the TARS radar is on for only a
fraction of the acquisition, and, therefore, it is possible to control the effective CSR by
processing different portions of the acquisition.

Tables 3-5 and 3-6 list some parameters relevant to this acquisition. Note the small
bistatic angle.

Figure 3-20 comprises several plots pertaining to acquisition #9-180. Figure 3-20a shows
the flight path. Figure 3-20b shows the iso-bistatic range contours, indicating the many range
foldovers. Note the small bistatic angle.
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Table 3-6. Flight and Data Collection Parameters on Acquisition #9-180

Parameter Value
TARS-BAC Range 27.2 nm
Roll Angle -0.63°
Pitch Angle 5.2°
Crab Angle 6.5°
Receive Azimuth 270°
PRF 23,148 Hz

Table 3-7. MTS Parameters on Acquisition #9-180

Parameter Value
TARS-MTS Range 51.67 nm
- BAC-MTS Range 24.61 nm
Bistatic Range 76.28 nm
Bistatic Angle 4.3°
Azimuth 273.8°
Radial Velocity -68.85 knots
Doppler Shift 146.4 Hz

Figure 3-20c shows the iso-bistatic Doppler contours, indicating that the computed MTS
Doppler is about 146 Hz. Apparently the recorded crab angle is not quite correct, since the
radar data indicates the MTS Doppler to be actually about ~150 Hz.

Figure 3-20d shows the unadapted RDI plot using all the pulses and the angle index 65,
showing the offset MTS tone in range cell 10-12 and at a Doppler of about 350 Hz, and a
strong return in cell 25 and at a Doppler of about -350 Hz.

Figure 3-20e plots the signal versus the pulse number in cell 12 and channel 5. It is seen
that the TARS is on for the first 1,500 pulses only; beyond that only the MTS is transmitting.
As in other acquisitions, the clutter return is about 20 dB above the MTS signal.

Figure 3-20f plots the signal in cell 25, which contains an object distinct from the ground
clutter. There is return from this moving object to about pulse # 1,500, i.e., while the TARS
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; transmitter is on; beyond that, only receiver noise is recorded in this cell. Comparing this
| figure with Figure 3-20e, it is observed that the returns from the moving object are about
{ 7 dB stronger than the clutter returns and, further, the MTS signals are also about 7-8 dB
‘ stronger than the receiver noise.
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1061280t TARS stethm) 0 6°

(a) Flight Path (b) Iso-Bistatic Range (c) Iso-Bistatic Doppler
Contours Contours

(d) Unadapted RDI (e) Signal/Pulse #, Cell 12,  (f) Signal/Pulse #, Cell 25,
Channel: 5 Channel: 5

Figure 3-20. Psendomonostatic Acquisition #9-180

It is of some interest to see how the RDI plot changes as the receive angle is varied; the
illumination is determined by the TARS beam and is fixed for this acquisition. This variation
is shown in Figure 3-21. At angle indexes near 65, i.e., broadside, the MTS offset tone is
visible. The RDI for this angle is also shown in 3D (Figure 3-21g).
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G 80 (k) 90 @ 100

Figure 3-21. RDI at Various Angle Indexes, Acquisition #9-180
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(m) 110 (n) 120
Figure 3-21. RDI at Various Angle Indexes, Acquisition #9-180 (Concluded)

At all angle indexes, the strong target in cell 25 is clearly visible, but its true azimuth is
not obvious. Whenever the mainlobe or one of the sidelobes of the receive beam coincides
with the direction of illumination, the clutter appears strong, while it appears weak whenever
a null in the receive beam coincides with this illumination. If we had carefully studied the
variation of this signal with the receive beam pointing angle, it would have been possible to
estimate the azimuth of the object with respect to the MCARM antenna. With the azimuth
estimated, one can compute the expected Doppler of a stationary object at that azimuth. By
comparing the observed Doppler with the computed Doppler for a stationary object at that

_ azimuth, one can possibly judge if this is a moving or a stationary object. We have not gone

through this exercise here.

Figure 3-22 shows the unadapted and the adapted RDIs as the amount of clutter is varied.
The first column shows the unadapted RDI, the middle column the J DL_3x3-adapted and the
last the FTS-adapted RDI, respectively. The results in the first row are for the MTS-only
case. Here we have included only pulses numbered higher than 1,500, thus eliminating all
clutter returns. Note that this also eliminates any returns from the object in range cell 25. The
CSR for this case is 0. The unadapted RDI clearly shows all the MTS tones, and so do the
adapted RDIs. Note that we are using only about 900 pulses and thus the frequency reso-
lution is not as high as we can get with all 2,408 pulses. Note also that the unadapted and the
JDL-adapted RDIs are plotted over the frequency span of -600 Hz to 400 Hz, while the FTS
result is plotted over the span —400 Hz to 600 Hz simply because the results were obtained
independently at different times. Both the adapted patterns also retain the strong return in cell
#25, but it appears to be smeared in Doppler.

The second row, row b, uses pulses higher than #1,400, resulting in a CSR of approxi-
mately 10 dB. The unadapted RDI displays the presence of clutter, but not enough to
completely mask the MTS tones. Both the JDL and the FTS algorithms suppress the clutter
without destroying the MTS tones.

In row c, pulses higher than #1,300 are used, producing an effective CSR of about
12.6 dB. The unadapted RDI shows that the clutter is strong enough to have almost masked
the MTS tones. The JDL-adapted RDI reveals the MTS tones as well as the other large
object. The FTS-adapted RDI is able to reveal the MTS offset tone, but not the other tones in
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the cluster. The other large object is observable but is completely smeared in Doppler. The
results in row d, with a CSR of about 14 dB, are about the same as in row c.

. Row e has a CSR of about 15.5 dB. Now even the JDL fails to reveal the MTS cluster of
tones, though the offset tone is still clearly visible. The results with a CSR of about 16.4 dB,
in row f, are not that much different. The results for the case when all the 2,408 pulses are

" used, yielding a CSR of about 18 dB, though not shown here, are not much different either.
Unadapted RDI JDL_3x3 (Ch: 22; Cell FTS (Ch: 22; Cell
Support: 30; Guard Support: 22; Guard

Cells: £3)

(c) Pulses > #1300 CSR = 12.6 dB

Figure 3-22. STAP-Processing Acquisition #9-180 with Varying CSRs
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(f) Pulses > #800 CSR = 16.4 dB
Fig'uré 3-22. STAP-Processing Acquisition #9-180 with Varying CSRs (Concluded)

3.5.4 Adaptive Processing of Psendomonostatic Acquisition #9-182
Figures 3-23 plots the RDI of acquisition #9-182.

(a) With clutter (b) Without clutter

Figure 3-23. RDI of Psendomonostatic Acquisition #9-182

The presence of the line at 0 Doppler frequency in Figure 3-23b is not easily explained.

3-32




\

‘ ~ Figure 3-24, plots the signal strength in cell #48. Compared to acquisition #9-180, this
has a shorter duration of clutter. As in the other acquisitions, the clutter return is about 20 dB

stronger than the MTS signals.

Figure 3-24. Signal Strength Versus Pulse Number in
Pseudomonostatic Acquisition #9-182

The results of applying the JDL (mn; + 1 + my)x1 algorithm to the whole CPL, with
various values of m; and m,, are shown in Figure 3-25. We have not shown a cut through cell
#48, but it is apparent that the JDL (2*2)x1, i.e., JDL 5x1, gives the best result.

(c)m=5=2%2

(d)m=7=3%3 (e)m=9=4%4

Figure 3-25. JDL mx1 -Adapted RDI, Acquisition #9-182 (Channels: 22;
- Support Cells: 20,+10; Guard Cells: £3)
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The results of applying the JDL 1x(n; + 1 + n,) algorithm to the whole CPL, with three
values of n; and ny, are shown in Figure 3-26. Here the DOF in the frequency domain is
limited to unity and in all cases, the performance is very poor. Clearly, the ample DOF in the
look direction does not compensate for the limited DOF in the frequency domain.

(ayn=2=1*1 (b)n=5=2%2 c)n=7=3*3

Figure 3-26. JDL 1xn -Adapted RDI, Acquisition #9-182 (Channels: 22;
Support Cells: -20,+10; Guard Cells: +3)

In Figure 3-27, we compare the results of increasing the DOF in the look direction from 1
to 3 for three different values of DOF in the frequency domain, namely 3, 5 and 7.

m=3=1%1 m=5=2%2 m=7=3*%3

’ n=3=1%1

) Figure 3-27. Comparing JDL mx1 and JDL mx3 -Adapted RDI, Acquisition #9-182
(Channels: 22; Support Cells: -20,+10; Guard Cells: +3)
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From these results, it appears that the increase in the DOF in the look direction only
makes the performance worse! Though we have not verified these results in each and every
CPI, it seems obvious that performance is not necessarily improved by arbitrarily increasing
the DOF in the frequency and the spatial domains.

3.6 Wide-Bistatic-Angle Acquisitions
It is of great interest to see what happens to the bistatic clutter returns at large bistatic

angles. Figure 3-28 displays the RDI for acquisition #92, where the bistatic angle is close to
150° using five different look angles.

(b) 65 (c) 80

(d) 100

Figure 3-28. RDI, Wide-Bistatic Angle Acquisition #92

Figure 3-29 shows the RDI for acquisition 9-93. For some reason, neither of these
acquisitions appears to have recorded any clutter or MTS data.
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Figure 3-29. RDI, Wide-Bistatic Angle Acquisition #93 (Angle Index 80)

The flight path for flight #9 shown in Figure 3-3d indicates that around acquisition #90,
the azimuth of the LOS to the MTS is about 270°, i.e., the LOS is almost normal to the
antenna. This would indicate that the MTS was clearly visible to the MCARM antenna. The
geometry also shows that the antenna is not being directly illuminated by the TARS’ main
beam when it is passing over the MTS and hence radiating. Thus, conceivably, it was not
being saturated by the direct TARS radiation.

Referring to the flight path shown in Figure 3-2, it is seen that the acquisitions around
#90 present a large bistatic angle and this is verified by the plot of the bistatic angle shown in
Figure 3-4c. Unfortunately, not all the acquisitions near this region have been reduced and
made available in a MATLAB format, We could not, therefore, test other large bistatic angle
acquisitions.

Figure 3-30 plots the signal strength versus pulse number for acquisitions #92 and #93,
along with that of #182 for a comparison. For the first 2 acquisitions, we have arbitrarily
chosen the range cell #5, since there was no indication of any particular cell containing the
MTS or any other target.

For acquisition #182, we have chosen cell #438, since this cell clearly contains the MTS
signal (see Figure 3-16h). During this acquisition, the TARS radar was on for the first 700 or
so pulses, after which it was turned off. During the remainder of the acquisition, only the
MTS was on and hence only the MTS signal was recorded. Notice that the clutter return
varies between 40-50 dB, while the MTS signal varies between 15-30 dB. Since the beating
structure of the multi-tone MTS signal is clearly visible, we can easily conclude that the
receiver noise is well below the MTS signal level, possibly at the 10 dB level.

Now, considering the signal plots for the acquisitions #9-92 and #9-93 in Figure 3-30, it
appears that throughout these acquisitions, the recorded signal is at a level of about 10 dB
~ (possibly dBuw, but the actual unit is not critical for this discussion), with no indication of
either a strong clutter return or the characteristic structure of the MTS signals. Clearly, what
is displayed is only the receiver noise. It is possible that the initiations of the recording were
delayed too long and thus the TARS on-times were missed completely, but then it is not clear
how the MTS signal was missed, since it is supposed to have been in a continuous free-
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running mode. In any case, these 2 acquisitions did not contain any signals of interest. Since
there were not many wide-bistatic angle acquisitions available in the reduced (MAT LAB)
format, we were unable to determine the effects of the wide bistatic angles on clutter returns
and on the signal processing.

i i

(a) Acq. #92, Range Cell #5  (b) Acq. #93, Range Cell #5  (c) Acqg. #182, Range Cell 25

Figure 3-30. Comparing Signal Strength Versus Pulse Number
in Acquisitions 92, 93 and 182
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Section 4

Summary

A major problem faced by airborne radars when looking for low and slow-flying, low-
cross-section, airborne targets and slow-moving ground targets is the severe ground clutter
and possibly jamming that mask these target returns. The Space-Time Adaptive Processing
(STAP) algorithms are a class of adaptive algorithms that make use.of the ‘space’ and the
‘time’ dimensions simultaneously to largely cancel the clutter without completely canceling
the desired signal. Researchers have developed many variations of STAP algorithms and
have verified their performance using mainly synthetic data [2, 3, 6,7, 8, 9, 11].

In 1995-96, the Air Force Research Laboratory, Rome Research Site (AFRL RRS,
formerly the Rome Laboratory) collected a large amount of multi-channel, airborne radar
measurement (MCARM) data, in both the monostatic and bistatic modes. The purpose was to
provide measured data to researchers developing STAP algorithms and also to learn about
the nature of monostatic and bistatic clutter. There were a total of 18 data collection flights,
4 of them being for bistatic data, with the rest being for monostatic data. There are literally
hundreds of coherent processing intervals (CPI) or acquisitions, with most of them
containing a signal from a ground-based, stationary moving target simulator (MTS) that
generated multiple tones to represent targets moving at different velocities. On flight #5, a
cooperative target aircraft, a Sabreliner, was flown such that the MCARM radar illuminated
it and, hopefully, the skin return from this target was recorded on many acquisitions. On
several other flights, other targets of opportunity appear.

With a full access to the MCARM database at the AFRL Rome Research Site, this author
has attempted to take a comprehensive look at both the monostatic and bistatic clutter data, in
an attempt to learn what information the measured data contains. This report is a
documentation of that effort.

The MCARM data was collected using a 1 MHz pulse waveform, either chlrped or
unmodulated. In the former case, pulse compression has to be accomplished as a part of the
signal processing. In all cases, the data has been oversampled by a factor of 4; this
oversampling is eliminated prior to signal processing. Data was also collected at several
PRFs. For example, the monostatic data on flight #5 was collected at a medium PRF of
1,984 Hz using chirp waveforms while the bistatic data on flight #9 was collected at
23,148 Hz using unmodulated pulsed waveform. Of the hundreds of acquisitions recorded on
magnetic tapes, several hundred have been reduced to data-cube formats in MATLAB to
form the MCARM database at RRS. Due to the limited amount of time and money available
for this effort, we have been able to analyze only a limited number of acquisitions.




From the monostatic flight #5, we have analyzed acquisitions #152 and #575. On
acquisition #5-152, the MTS signal was partly visible even without any adaptive processing
and we have experimented with FTS, EFA and JDL algorithms to determine which of these
produce the best clutter suppression and concluded that the FTS seems to perform the best in
this particular case. It appears that the FTS algorithm using all 22 channels with a 200-cell
support and 6 guard cells produces the best results, the best’ being judged visually. Previous
results relating to this acquisition have been reported by other authors in [4, 12].

Acquisition #5-575 was one of the acquisitions of great interest and much analysis by
several investigators because this acquisition, among several hundred others, was supposed
to include skin returns from a real, cooperative target, namely the Sabreliner. The location
and the velocity of the Sabreliner has been recorded and, thus, its distance, i.e., the range
cell, and its Doppler with respect to the BAC 1-11 are easily computed. And yet, we could
not see it in the MCARM data, with or without STAP. We also looked at two more
acquisitions (not discussed in this report) that were supposed to include the returns from the
Sabreliner but were unable to find the target. During these acquisitions the target was at a
distance of about 57 nm from the MCARM radar. During the latter part of the flight, i.e.,
acquisition #850 and beyond, the distance starts to reduce to about 9 nm. Unfortunately,
these acquisitions were not available for STAP processing. It would be worthwhile to reduce
these acquisitions to the MATLAB format at the earliest opportunity to see if the Sabreliner
can be found at least at those close ranges.

From the bistatic flight #9, we have analyzed several acquisitions. Acquisition #9-110, at
a bistatic angle of about 70°, was an especially useful CPI to work with since during part of
this acquisition, the TARS radar was off, leaving only the MTS signal to be recorded. This
allows one to first study the MTS signal in the absence of any clutter and then add different
amounts of clutter by including more of the pulses containing clutter. The high PRF bistatic
CPIs from flight #9 have only 54 range cells and thus allow only a few STAP algorithms that
can work with fewer than 54 support cells. We were able to apply the FTS and JDL
algorithms to this acquisition. It was observed that the JDL 4x1 (4 degrees of freedom in the
Doppler space and only one degree of freedom in the beam space) gives the best
performance for this CPI in terms of clutter suppression and clarity of the individual MTS
tones.

The acquisition #9-133 was at a bistatic angle of about 50°. Unlike the acquisition
#9-110, the TARS was on during the whole duration of the CPI. This prevented a determi-
nation of the range cell containing the MTS tones by plotting the signal strength versus the
pulse # for any of the cells. Further, the folded-over clutter completely covered the offset
tone of the MTS; this prevented the location of the MTS cell in the RDI plot. Neither the
FTS nor the JDL algorithm was able to reveal the MTS tone-cluster or the offset tone. Since
this acquisition was close enough to the acquisition #9-110, we may assume that in this
acquisition, the clutter power level was about 20 dB higher than MTS signal level, as it was
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in #9-110. Further, since the TARS was on the whole time, the effective CSR was of the
same order. It then appears that when the CSR is about 20 dB or higher, the FTS or JDL are
unable to suppress the clutter without destroying the signal too. Much of these results have
been reported in references [5, 13, 14, 15, 16]. ‘

The bistatic angles were very small for the acquisitions #172-182 on flight 9. These are
the so-called pseudo-monostatic acquisitions. All of these acquisitions contained the MTS
signal as is indicated by the offset tone appearing in all the RDIs. These acquisitions also
seem to contain a return from a large moving object. That it was moving is indicated by the
fact that it appeared in a Doppler bin quite distinct from the clutter return.

The TARS was on during the whole duration of acquisition #172 and consequently the
effective CSR was probably of the order of 20 dB or more. Neither the FTS nor the JDL
algorithm was able to reveal the MTS tone cluster, which is buried in the mainlobe clutter
return. For acquisition #9-180, the TARS was on for only a part of the duration of the CPI

‘and in this case the JDL was able to reveal all the MTS tones as well as the other moving

target up to an effective CSR of about 15 dB. This is also true of #9-182, but in this case the
large moving object observed in #9-180 was not quite apparent. Some of these results have
been reported in [17].

The bistatic angles for acquisitions around #90 on flight #9 were close to 180° and these
comprise the large bistatic angle acquisitions. It is of great interest to study the bistatic clutter
phenomenon at these very large bistatic angles. Unfortunately, not many of the acquisitions
in this region have been reduced to the MATLAB format and therefore were available for
our analysis. Further, the two acquisitions, #9-92 and #9-93, that were available, seemed to
have recorded only receiver noise. It is not clear why they failed to record any clutter return -
or the MTS signals.

As a continuation of this effort, it would be desirable to reduce some more of the
monostatic acquisitions from flight #5 where the cooperative airborne target, the Sabreliner,
is at much closer ranges to the MCARM aircraft and then try to find the target in the data.
Similarly, more of the bistatic acquisitions around #9-90 should be reduced so that the
bistatic clutter phenomenon at large bistatic angles can be more extensively studied.

The monostatic data from flight #5 is at a medium PRF and has a moderate range
foldover but almost no Doppler foldover. The bistatic data from flight #9 is at a very high
PRF and has more range foldover but no Doppler foldover at all. The data from flight #10 is
at a very low PREF, resulting in no range foldover but a significant amount of Doppler
foldover. So far, we have not had the opportunity to study this data extensively or apply
STAP to it. During the continuation of this effort, attempt will be made to process this data to
determine if highly Doppler aliased data presents any peculiarities as far as STAP processing
is concerned.
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Appendix A
STAP Algorithms

This report contains results of analyzing MCARM data using three STAP algorithms,
namely, Factored Time Space (FTS), Extended Factored Approach (EFA), and Joint Domain
Localized JDL). We shall very briefly describe the mechanics of these algorithms without
extensive mathematical backgrounds. The reader should consult the listed references for the
details.

A.1 The FTS Algorithm

FTS algorithm is described in the excellent reference on STAP algorithms [1]. The FTS
algorithm is not a true ‘Space-Time Adaptive’ algorithm since the adaptivity is applied only
in the element or space domain; no adaptivity is applied to the time domain. Nonetheless, it
is traditionally included among STAP algorithms.

For the FTS algorithm, the data was first transformed to the frequency domain. For the
monostatic data acquired at a medium PRF of 1,984 Hz, all the Doppler bins were retained.
For the bistatic data from flight #9, which was acquired at the high PRF of 23,143 Hz, only
the Doppler bins between -800 and +200 Hz were retained, since all the MTS tones lie within
this range. This allows us to eliminate more than 95 per cent of the data (only 1,000 Hz out
of more than 23 kHz is retained) and unnecessary computation is avoided. Next, adaptivity is
applied to the data in the element space.

Now, a frequency-element domain test vector Xy n for range cell k, Doppler m is formed
in this fashion: :

i=1 .
Xim= [xk‘m’ i ]’ n=11 or 22 for one or two rows

| M

where Xy m is the data sample from the k™ range cell, m" Doppler bin and j™ element or
receiver channel. The expanded form of the vector is given below: »

' T
X = [xk',,,', X2 ,xk'mﬁ,...,xk,my,,] , n=11 or22forlor2rows )

Next, N, training data vectors are formed in the same manner as above but from the N
range cells surrounding the test cell, excluding the desired number of guard cells on either
side of the test vector. When possible, half of the N, cells chosen are below (in range) the test
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cell and the remaining half above. When nearing the end of the range window, consisting of
630 cells in the monostatic CPIs and 54 range cells in the bistatic CPIs, this division is
altered to select as many as possible from the limiting end, with the rest being selected from
the remaining data. The average of the outer-product of these training vectors is the sample

covariance matrix, R, . » for the current range cell k and Doppler bin m, i.e.,

R,=—Y

k,m _—1— X
) Nt 4

X! i#korthe guard cells 3)

im“*im

ipM=

The matrix is of dimension nxn where n is the number of channels, and requires that
N, > 2n for a reasonable estimate of the covariance matrix.

~ The adapted signal value yi m, at the test range cell k, test Doppler cell m and a desired
test look angle 1is then obtained as:

- o Hp-t
yk.m,l - SI Rk.m Xk,m ' (4)

where s, is the steering vector corresporiding to the look angle 1 and is obtained from the table
of measured steering vectors provided by Westinghouse [1]. This is a 11x1 or a 22x1 vector,
depending on whether we have used only 1 or both rows of the antenna.

What we plot is the normalized value:

- (abs(s," R X, )°

kml! — H A-1
sI Rk,msl .

&)

A.2 The EFA Algorithm

The EFA algorithm, as the name implies, is an extended version of the FTS algorithm.
The extension is provided by considering more than a single Doppler bin and, as such, it
results in a true ‘Space-Time’ algorithm in the element-Doppler space. The results shown in




this report uses the 2™ order EFA algorithm. The 2" order EFA algorithm considers 3
Doppler bins.

The 2™ order EFA test vector in the frequency-element domain for range cell k, Dopplér
m and element n is formed in this fashion:

J=n Si=m

X erakomn = [[xk.i,j ]j=l }'=m—' 6)

where n is the number of channels used (either 11 or 22). The expanded form of the test
vector is as follows:

T
x | Fram-r0 Keom-1,20 Xemo13 0000 Xm=tn > Xkm 1> Xem, 20 Xieym3 0o 7
EFAkm . ( )
xk,m,n ’ xk,m-l-l,l k4 xk,m+l.2 ’ xk m+13200 xk.m+l,n

The sample covariance matrix, R £ram» fOT the current range cell k and Doppler bin m, is
computed as before using the equation:

N .
Repasm = 7\’1— S X ponim X a1k or the guard cells ®)
t =1

The matrix is of dimension 3nx3n, where n is the number of channels used, and requires
that N, > 6n for a reasonable estimate of the covariance matrix.

For the desired look angle, the 2™ order EFA steering vector is formulated using the
MATLAB kron’ function [18] as follows:
Sgray = kron([0,1,0],5,) '
n - dimension zero vector
9)

=|s, (n - dimension vector)
n - dimension zero vector

where sgra is a 3nx1 vector.




The adapted signal value ygra x,m, at the test range cell k, test Doppler cell m and a
desired test look angle 1 is then obtained as:

H fH-
Yerakmi = Seray RE}]-‘A,k,m X erakm (10
Again as before, what we have plotted is the normalized value of this.adapted signal:

H $-1 2
~ _ (abs(sgras” RerapomX gragm))
Yerakmi =

an

H p-1
Serat ReraxmSEeras

A.3 TheJ]DL mxn Algorithm

The JDL algorithm is a frequency-beam domain algorithm [3]. Therefore, besides
transforming the data to the frequency domain as in the FTS and EFA algorithms, we now
also transform the data into the beam space using all the measured spatial steering vectors
provided by Westinghouse [1].

In the frequency-beam domain, let the target cell be at range k, frequency m’ and look
direction n’. Note that we had used n to denote the element number; here n’is used to denote
the look direction. Let the number of Doppler bins, m, be the sum:

m=m+1+m (12)

where m; is the number of Doppler bins ahead of the target Doppler bin m’ and my, is the
number of Doppler bins following the target Doppler bin m’ that we want to include in the
test vector formulation. Either or both of m; and m;, can be zero.

Similarly, Let the number of look directions, n, be the sum:
n=m+1+n; (13) -

where n; is the number of look directions ahead of the target look direction n’ and n; is the
number of look directions following the target look direction n’ that we want to include in the
test vector formulation. Either or both of n; and n, can be zero.
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The JDL_mxn test vector in the frequency-element domain for range cell k, Doppler m’
and look direction n’is a mnx 1 dimensioned vector and is formed in this fashion:

PO .
X oLk ,=[[x- e }
JDL.k,m"n kii.j (14)

- A
J=ERER Sizmem,

Note that the test vector i$ not only a function of m and n but also a function of m;, my,
n;, and n,. As such, the subscript on the vector should spell out the values of m;, m, ny, and
n,. But for the sake of conserving subscripts, we have not specifically included them in the
subscript list here. However, when formulating the vector, this dependence should be kept in

mind.

The sample covariance matrix, R pLxmen» fOI the current range cell k, Doppler bin m’ and

look direction n’ is computed as before using Equation 14. The matrix is of dimension
mnxmn and requires that Ny > 2mn for a reasonable estimate of the covariance matrix.

A 1 N’ » ) .
oL = 72; X orimn X oprimm i # kor the guard cells (15)
t =

The JDL_mxn steering vector has the form:

SipL_m = kron([m, zeros,1,m, zeros],[n, zeros,1, n, zeros]) (16)

Note that the vector is not only a function of m and n but also a function of m;, my, ny
and n,. As such, the steering vector subscripts should include these specific values. But while
being mindful of this dependence, we have, as with the test vector, left these specific
subscripts out to reduce subscript clutter. For example, if m =4 withm; =2, my =1, and
n=3 withn; = 1 np = 1, then using Equation 16, the 12x1 steering vector is as follows:

sJDL_mxn = kr On([0,0,l,O], [0,1,0])
={0,0,0,0,0,0,0,1,0,0,0,0]
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On the other hand, if m =4 withm; =1, m; = 2, and n = 3 with n; =2 n; =0, then using
Equation 16, the 12x1 steering vector is as follows:

sJDL _mxn = kr On([orlro:O], [0»0:1])

(18)
=10,0,0,0,0,1,0,0,0,0,0,0]
The significance of this steering vector is clear from the following expression:
s .7DL_4.\'3X JLkm = X (19)

i.e., the unadapted steering vector simply points to the target cell.

The adapted signal value yjpLk,m'x at the test range cell k, test Doppler cell m’ and a
desired test look angle n’is then obtained as:

- H -1
y.lDL.k.m',n' - s.IDL_mxn RJDL_mxn.k,m’,n’XJDL_mxn.k,m',n' (20)

The normalized value used for the plots is calculated as follows:

2

(abs(y L))

@n

YiLkmwnw = H A
s R s
. JDL _mxn JDL _mxn.k.m",n’° JDL _mxn
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